Introduction
Immunity to infections depends on the successful integration of innate and adaptive defense strategies 1 . Cells of the innate immune system, such as macrophages and dendritic cells, recognize pathogen-associated molecular patterns shared by many microbes -but not found in higher eukaryotes -via members of the Toll-like receptor (TLR) family 2, 3 . TLR-dependent signaling pathways can directly induce macrophage antimicrobial programs, but also initiate inflammatory cell recruitment and help prime cells of the adaptive immune system in order to amplify bactericidal effector mechanisms. Experimental infections with microorganisms have been successfully used to uncover the intricacies governing the interplay between innate and adaptive immunity 4, 5 . For example, cell wall components of Mycobacterium tuberculosis, the causative organism of tuberculosis, critically depend on TLR-2 and -4 to induce secretion of the proinflammatory cytokines tumor necrosis factor alpha (TNF-α) and interleukin (IL-12, necessary for differentiating T helper 1 cells) 6 . Subsequently, mycobacteria-primed T cells secrete interferon gamma (IFN-γ) as a critical macrophage-activating agent. Eradication of mycobacteria is only achieved when both arms of the immune system are fine-tuned for full antimicrobial potency.
Functionally, the Toll-mediated induction of antimicrobial effector systems is highly conserved between Drosophila (D.) melanogaster and Homo sapiens 7, 8 . Another example for human evolutionarily ancient effector mechanisms is granulysin (a granule-stored bactericidal molecule), which is homologous to the amoebapores of Entamoeba histolytica 9, 10 .
Thus, there is ample precedence for evolutionarily conserved signatures governing individual facets of the immune response. In order to uncover novel regulatory pathways in innate responses to infection, we performed a microarray-based gene expression screen with human macrophages infected with mycobacteria or conserved bacterial structures. We found mRNA In addition to a number of cytokines (e.g TNF-α, IL-1β), chemokines (e.g. RANTES, MIP-1α) and signal transducing molecules (e.g.TRAF1, NF-kB1 (p105)), the gene encoding for one member of the Wnt family, Wnt5a, was found to be upregulated by 3-to 5-fold in response to all stimuli (data not shown). Quantitative RT-PCR confirmed that on top of a low basal transcription Wnt5a mRNA expression in response to intact mycobacteria as well as synthetic lipopeptide and LPS was induced by 5-to 10-fold in human macrophages in a dose-dependent manner (Fig. 1a) . Two additional genes which encode for proteins involved in Wnt signaling pathways were also found to be differentially expressed: dishevelled3 (2-3-fold upregulation) and frat2 (3-15-fold downregulation, depending on the microbial stimulus) (data not shown).
Wnt5a mRNA expression is restricted to professional antigen presenting cells
A similar induction of Wnt5a mRNA expression in response to microbial stimuli was also observed in primary human monocytes and dendritic cells (data not shown). Under all conditions analyzed, upregulation of Wnt5a mRNA expression was apparent 2 h after stimulation and persisted for 24 to 72 h (Fig. 1b) . Wnt5a mRNA expression by human macrophages was independently confirmed by in situ hybridization 19 with a Wnt5a specific probe in human monocyte-derived macrophages and alveolar macrophages in uninvolved only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From (tumor-free) human lung tissue derived from tumor patients (Fig. 2) . Next we investigated Wnt5a expression in human lymphocytes. To this end the lymphocyte fraction of peripheral blood mononuclear cells (PBMC), which comprises T-and B-lymphocytes as well as NK cells, was analyzed by RT-PCR. Both in the absence or presence of polyclonal stimuli (e.g. crosslinking CD3 and CD28, addition of phytohaemagglutinin or phorbol ester/calcium ionophore) there was no detectable Wnt5a mRNA expression in the lymphocyte fraction, whereas IL-2 mRNA expression was readily induced (Fig. 1c) . These data indicate that activation-induced Wnt5a expression in human blood-derived leukocytes is restricted to cells of the myeloid lineage.
Wnt5a expression in macrophages is mediated by Toll-like receptors and the NF-κB signaling pathway
Receptors of the innate immune system that recognize conserved pathogen-associated molecular patterns (PAMPs) are called pattern recognition receptors (PRR). One family of PRR, the family of TLRs, mediates cell activation induced by defined conserved microbial ligands 1 . Intact mycobacteria and lipoproteins require TLR2 signaling to activate cells; activation by LPS is mediated by the TLR4/MD2 complex (reviewed in 1 ). Our analyses of TLR signaling in human macrophages showed that inhibitory anti-TLR2 antibodies selectively blocked mycobacteria-induced induction of Wnt5a mRNA expression (Fig. 3a) . Analogously, the addition of the synthetic tetraacyl LPS precursor Ia (compound 406), an antagonist of LPS mediated activation in human monocytes 20 dose-dependently inhibited LPS-induced Wnt5a expression (Fig. 3c) . We infer that Wnt5a expression induced in macrophages by intact mycobacteria or purified microbial structures critically depends on TLR-mediated signaling. (Fig. S1 ). This suggests that the presence of TLR2 alone may not be sufficient to regulate Wnt5a expression, and that the cellular background or differentiation status also plays an important role. This is further supported by our findings that Wnt5a expression cannot be induced by bacterial stimuli in human myeloid pre-monocytic cell lines, such as HL-60, U937 and MonoMac6 (data not shown).
TLR-mediated activation of antigen-presenting cells involves various signaling cascades; the NF-κB pathway being crucial for a broad spectrum of cellular responses that orchestrate the interplay between innate and adaptive immune responses 1 . To demonstrate that Wnt5a mRNA expression in response to bacterial stimulation depends on the activation of NF-κB, human macrophages were incubated in the presence of a highly specific pharmacological inhibitor of IkBα phosphorylation (BAY11-7082) 21 . The inhibitor dose-dependently reduced Wnt5a mRNA induction in response to either TLR2-targeted (mycobacteria) or TLR4-targeted (LPS) stimuli (Fig.3b , and data not shown). 
TNF-α
Macrophages react to bacterial infection by rapidly releasing proinflammatory cytokines, such as TNF-α. Recently, it has been shown that Wnt5a and Wnt10a expression in a gastric cancer cell line was promoted by TNF-α 22 . To investigate whether the observed Wnt5a expression was primarily due to a secondary effect mediated by an early autocrine action of TNF-α, we cultivated human macrophages with TNF-α or mycobacteria in the presence or absence of inhibitory anti-TNF-α antibodies (Fig. 3d) . Anti-TNF-α antibodies completely abrogated TNF-α-induced Wnt5a mRNA expression. However, the presence of inhibitory anti-TNF-α antibodies had no effect on Wnt5a mRNA expression in human macrophages stimulated with either mycobacteria or LPS (Fig 3d) . These results demonstrate that early induction of Wnt5a mRNA by mycobacteria or LPS can occur independently of TNF-α.
Expression of the Wnt5a receptor Frizzled5 by human monocytes/macrophages and lymphocytes
Wnt proteins bind to seven-pass transmembrane receptors of the Frizzled (Fzd) family and initiate at least three different intracellular signaling pathways, resulting in the regulation of gene expression and/or changes in cell behavior 23 . Fzd5 has been shown to be a functional receptor for Wnt5a 24 . We therefore analyzed the presence of Fzd5 in human macrophages and lymphocytes ( (Fig. 6a) . The PPD-induced IL-2 and TNF-α release as well as the proliferative response of human PBMC were not affected ( Fig. 6a and data not shown). Analyses of the combined results from three independent donors showed that anti-Wnt5a-mediated inhibition of the antigen-triggered IFN-γ response was reproducible and statistically significant (Fig. 6b) .
The induction of IFN-γ critically depends on the presence of IL-12 at the site of infection 31 . 33 . The specificity of the antiserum was measured in a competition ELISA (Suppl. Online Material Fig. S3 ). The PPD-induced IFN-γ release of PBMC was dose dependently and significantly decreased with increasing concentrations of this anti-Fzd5 antiserum, when compared to the effect of the corresponding pre-immune serum ( Fig. 6c and   d ). In contrast, the PPD-induced IL-2 and TNF-α release as well as the proliferative response of PBMC were not influenced by the anti-Fzd5 antiserum ( Fig. 6c and data not shown).
Further experiments addressing the effect of the anti-Fzd5 antiserum on mycobacteria-induced IL-12 release by macrophages showed a significant inhibition of IL-12 production, compared to cultures treated with the pre-immune serum (Fig. 6d) . From our data we conclude that Wnt5a and its receptor, Fzd5, play an important role in the regulation of key cytokines of the antimicrobial defense. conditions, for example, in an inflammatory setting. In one report, transcripts for Wnt1, 5a, 10b, 11 and 13 were detected in synovial fibroblasts from patients with rheumatoid arthritis 35 .
Wnt2 and Wnt5a were detected in tumor-associated macrophages of the Lamina propria in colorectal cancer patients 36 , although the inducing stimulus was not determined. Recently, other investigators reported a differential expression of Wnt5a in response to various microbial stimuli using microarrays for studying pathogen-induced gene expression profiles of human macrophages and dendritic cells 37, 38 . However, these findings were not confirmed by an independent method. To date, the role of Wnt5a during the immune response, particularly as it relates to the defense against infections, has not been further characterized.
We identified Wnt5a as a differentially expressed gene in response to mycobacteria (M. avium For In Drosophila spec., wingless gene expression during embryonic development is induced by Hedgehog (Hh), a soluble factor, which binds to a seven-pass transmembrane receptor termed Patched (Ptc) 39 . Homologues of Hh have also been identified in vertebrates. Cellular activation by Hh leads to the stabilisation of the transcription factor Cubitus interruptus (Ci). Collectively, the data presented in our study demonstrate that both Wnt5a and Fzd5 are capable of regulating IL-12 and IFN-γ production in an antigen-driven setting. It is intriguing to see that either inhibition of the ligand or the receptor leads to the very same phenotype regulating IL-12 and IFN-γ formation, but does not affect IL-2, TNF-α and IL-8 formation.
Our results suggest that Wnt5a mediates its effect via Fzd5. However, it is possible that other
Frizzled receptors are also involved in transmitting the Wnt5a signal, e.g. Fzd4 or Fzd2, both of which have been shown to act as receptors for Wnt5a 53, 54 . A potential regulatory function of Wnt5a on cytokine expression is further supported by a recent observation that in patients with rheumatoid arthritis Wnt5a modulates IL-6 and IL-15 expression in synoviocytes 55 .
only. pathway. In other systems Wnt5a has been shown to act via the Wnt/calcium pathway 59, 60 .
Cell type specific requirements as well as the recently described differential recruitment of coreceptors 61 , may decide which of the above signaling pathways is activated by Wnt5a. One may be tempted to speculate that the Wnt/Calcium pathway plays a role in the regulation of only.
For Isolation, differentiation and cultivation of human leukocyte subsets. Mononuclear cells were isolated from peripheral blood (PBMC) of healthy volunteers by density gradient centrifugation. Lymphocytes and monocytes were separated (purity consistently >97%) by counterflow elutriation. Macrophages were generated from highly purified monocytes as described 64 . Stimulation was done in RPMI 1640 with 10% fetal calf serum (FCS) and 4 mM only.
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